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Abstract: Duchenne muscular dystrophy (DMD) is an X-linked debilitating muscular disease
that may decrease nitric oxide (NO) production and lead to functional muscular ischemia.
Currently, the 6-minute walk test (6-MWT) and the North Star Ambulatory Assessment
(NSAA) are the primary outcome measures in clinical trials, but they are severely limited by
the subjective consciousness and mood of patients, and can only be used in older and
ambulatory boys. This study proposed using functional near-infrared spectroscopy (fNIRS) to
evaluate the dynamic changes in muscle hemodynamic responses (gastrocnemius and forearm
muscle) during a 6-MWT and a venous occlusion test (VOT), respectively. Muscle
oxygenation of the forearm was evaluated non-invasively before, during and after VOT in all
participants (included 30 DMD patients and 30 age-matched healthy controls), while dynamic
muscle oxygenation of gastrocnemius muscle during 6-MWT was determined in ambulatory
participants (n = 18) and healthy controls (n = 30). The results reveal that impaired muscle
oxygenation was observed during 6-MWT in DMD patients that may explain why the DMD
patients walked shorter distances than healthy controls. Moreover, the results of VOT implied
that worsening muscle function was associated with a lower supply of muscle oxygenation
and may provide useful information on the relationship between muscular oxygen
consumption and supply for the clinical diagnosis of DMD. Therefore, the method of fNIRS
with VOT possesses great potential in future evaluations of DMD patients that implies a good
feasibility for clinical application such as for monitoring disease severity of DMD.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (170.0170) Medical optics and biotechnology; (170.1610) Clinical applications; (170.2655) Functional
monitoring and imaging; (170.4580) Optical diagnostics for medicine.

References and links

1. A.E.H. Emery, “Population frequencies of inherited neuromuscular diseases--a world survey,” Neuromuscul.
Disord. 1(1), 19-29 (1991).

#339966 https://doi.org/10.1364/BOE.9.004767
Journal © 2018 Received 16 Jul 2018; revised 4 Sep 2018; accepted 6 Sep 2018; published 12 Sep 2018


https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.9.004767&domain=pdf&date_stamp=2018-09-12

Research Article Vol. 9, No. 10 | 1 Oct 2018 | BIOMEDICAL OPTICS EXPRESS 4768 I

Biomedical Optics EXPRESS -~

2.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

J. R. Mendell, C. Shilling, N. D. Leslie, K. M. Flanigan, R. al-Dahhak, J. Gastier-Foster, K. Kneile, D. M. Dunn,
B. Duval, A. Aoyagi, C. Hamil, M. Mahmoud, K. Roush, L. Bird, C. Rankin, H. Lilly, N. Street, R.
Chandrasekar, and R. B. Weiss, “Evidence-based path to newborn screening for Duchenne muscular dystrophy,”
Ann. Neurol. 71(3), 304313 (2012).

D.J. Blake, A. Weir, S. E. Newey, and K. E. Davies, “Function and genetics of dystrophin and dystrophin-
related proteins in muscle,” Physiol. Rev. 82(2), 291-329 (2002).

B. J. Petrof, J. B. Shrager, H. H. Stedman, A. M. Kelly, and H. L. Sweeney, “Dystrophin protects the
sarcolemma from stresses developed during muscle contraction,” Proc. Natl. Acad. Sci. U.S.A. 90(8), 3710—
3714 (1993).

J. E. Brenman, D. S. Chao, H. Xia, K. Aldape, and D. S. Bredt, “Nitric oxide synthase complexed with
dystrophin and absent from skeletal muscle sarcolemma in Duchenne muscular dystrophy,” Cell 82(5), 743-752
(1995).

W. J. Chang, S. T. Iannaccone, K. S. Lau, B. S. Masters, T. J. McCabe, K. McMillan, R. C. Padre, M. J. Spencer,
J. G. Tidball, and J. T. Stull, “Neuronal nitric oxide synthase and dystrophin-deficient muscular dystrophy,”
Proc. Natl. Acad. Sci. U.S.A. 93(17), 9142-9147 (1996).

G. D. Thomas, M. Sander, K. S. Lau, P. L. Huang, J. T. Stull, and R. G. Victor, “Impaired metabolic modulation
of alpha-adrenergic vasoconstriction in dystrophin-deficient skeletal muscle,” Proc. Natl. Acad. Sci. U.S.A.
95(25), 15090-15095 (1998).

G. D. Thomas, P. W. Shaul, I. S. Yuhanna, S. C. Froehner, and M. E. Adams, “Vasomodulation by Skeletal
Muscle-Derived Nitric Oxide Requires Alpha-Syntrophin-Mediated Sarcolemmal Localization of Neuronal
Nitric oxide Synthase,” Circ. Res. 92(5), 554-560 (2003).

K. Bushby, R. Finkel, D. J. Birnkrant, L. E. Case, P. R. Clemens, L. Cripe, A. Kaul, K. Kinnett, C. McDonald, S.
Pandya, J. Poysky, F. Shapiro, J. Tomezsko, and C. Constantin, “Diagnosis and management of Duchenne
muscular dystrophy, part 1: diagnosis, and pharmacological and psychosocial management,” Lancet Neurol.
9(1), 77-93 (2010).

. K. Bushby, R. Finkel, D. J. Birnkrant, L. E. Case, P. R. Clemens, L. Cripe, A. Kaul, K. Kinnett, C. McDonald, S.

Pandya, J. Poysky, F. Shapiro, J. Tomezsko, and C. Constantin, “Diagnosis and management of Duchenne
muscular dystrophy, part 2: implementation of multidisciplinary care,” Lancet Neurol. 9(2), 177-189 (2010).

. A. Aartsma-Rus, A. Ferlini, N. Goemans, A. M. Pasmooij, D. J. Wells, K. Bushby, E. Vroom, and P. Balabanov,

“Translational and regulatory challenges for exon skipping therapies,” Hum. Gene Ther. 25(10), 885-892
(2014).

. K. Bushby, R. Finkel, B. Wong, R. Barohn, C. Campbell, G. P. Comi, A. M. Connolly, J. W. Day, K. M.

Flanigan, N. Goemans, K. J. Jones, E. Mercuri, R. Quinlivan, J. B. Renfroe, B. Russman, M. M. Ryan, M.
Tulinius, T. Voit, S. A. Moore, H. Lee Sweeney, R. T. Abresch, K. L. Coleman, M. Eagle, J. Florence, E.
Gappmaier, A. M. Glanzman, E. Henricson, J. Barth, G. L. Elfring, A. Reha, R. J. Spiegel, M. W. O’donnell, S.
W. Peltz, and C. M. Mcdonald, “Ataluren treatment of patients with nonsense mutation dystrophinopathy,”
Muscle Nerve 50(4), 477-487 (2014).

S. Jarmin, H. Kymalainen, L. Popplewell, and G. Dickson, “New developments in the use of gene therapy to
treat Duchenne muscular dystrophy,” Expert Opin. Biol. Ther. 14(2), 209-230 (2014).

H. Amthor and W. M. H. Hoogaars, “Interference with myostatin/ActRIIB signaling as a therapeutic strategy for
Duchenne muscular dystrophy,” Curr. Gene Ther. 12(3), 245-259 (2012).

0. Levi, O. Genin, C. Angelini, O. Halevy, and M. Pines, “Inhibition of muscle fibrosis results in increases in
both utrophin levels and the number of revertant myofibers in Duchenne muscular dystrophy,” Oncotarget 6(27),
23249-23260 (2015).

J. P. Ennen, M. Verma, and A. Asakura, “Vascular-targeted therapies for Duchenne muscular dystrophy,” Skelet.
Muscle 3(1), 9 (2013), doi:10.1186/2044-5040-3-9.

C. M. McDonald, E. K. Henricson, J. J. Han, R. T. Abresch, A. Nicorici, G. L. Elfring, L. Atkinson, A. Reha, S.
Hirawat, and L. L. Miller, “The 6-minute walk test as a new outcome measure in Duchenne muscular
dystrophy,” Muscle Nerve 41(4), 500-510 (2010).

E. S. Mazzone, S. Messina, G. Vasco, M. Main, M. Eagle, A. D’Amico, L. Doglio, L. Politano, F. Cavallaro, S.
Frosini, L. Bello, F. Magri, A. Corlatti, E. Zucchini, B. Brancalion, F. Rossi, M. Ferretti, M. G. Motta, M. R.
Cecio, A. Berardinelli, P. Alfieri, T. Mongini, A. Pini, G. Astrea, R. Battini, G. Comi, E. Pegoraro, L. Morandi,
M. Pane, C. Angelini, C. Bruno, M. Villanova, G. Vita, M. A. Donati, E. Bertini, and E. Mercuri, “Reliability of
the North Star Ambulatory Assessment in a multicentric setting,” Neuromuscul. Disord. 19(7), 458—461 (2009).
G. Bale, C. E. Elwell, and I. Tachtsidis, “From Jobsis to the present day: a review of clinical near-infrared
spectroscopy measurements of cerebral cytochrome-c-oxidase,” J. Biomed. Opt. 21(9), 091307 (2016).

F. Scholkmann, S. Kleiser, A. J. Metz, R. Zimmermann, J. Mata Pavia, U. Wolf, and M. Wolf, “A review on
continuous wave functional near-infrared spectroscopy and imaging instrumentation and methodology,”
Neuroimage 85(1), 6-27 (2014).

M. Kravari, E. Angelopoulos, 1. Vasileiadis, V. Gerovasili, and S. Nanas, “Monitoring tissue oxygenation during
exercise with near infrared spectroscopy in diseased populations — A brief review,” Int. J. Ind. Ergon. 40(2),
223-227(2010).

T. Hamaoka, K. K. McCully, M. Niwayama, and B. Chance, “The use of muscle near-infrared spectroscopy in
sport, health and medical sciences: recent developments,” Philos Trans A Math Phys Eng Sci 369(1955), 4591—
4604 (2011).



Research Article Vol. 9, No. 10 | 1 Oct 2018 | BIOMEDICAL OPTICS EXPRESS 4769 I

Biomedical Optics EXPRESS -~

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

T. Binzoni and L. Spinelli, “Near-infrared photons: a non-invasive probe for studying bone blood flow
regulation in humans,” J. Physiol. Anthropol. 34(1), 1-6 (2015).

S. Koga, D. C. Poole, N. Kondo, A. Oue, E. Ohmae, and T. J. Barstow, “Effects of increased skin blood flow on
muscle oxygenation/deoxygenation: comparison of time-resolved and continuous-wave near-infrared
spectroscopy signals,” Eur. J. Appl. Physiol. 115(2), 335-343 (2015).

M. Seong, Z. Phillips 5th, P. M. H. Mai, C. Yeo, C. Song, K. Lee, and J. G. Kim, “Simultaneous blood flow and
blood oxygenation measurements using a combination of diffuse speckle contrast analysis and near-infrared
spectroscopy,” J. Biomed. Opt. 21(2), 027001 (2016).

B. Grassi and V. Quaresima, “Near-infrared spectroscopy and skeletal muscle oxidative function in vivo in
health and disease: a review from an exercise physiology perspective,” J. Biomed. Opt. 21(9), 091313 (2016).
L. Kocsis, P. Herman, and A. Eke, “The modified Beer-Lambert law revisited,” Phys. Med. Biol. 51(5), N91—
NO98 (2006).

ATS Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories, “ATS statement:
guidelines for the six-minute walk test,” Am. J. Respir. Crit. Care Med. 166(1), 111-117 (2002).

C. M. McDonald, E. K. Henricson, R. T. Abresch, J. M. Florence, M. Eagle, E. Gappmaier, A. M. Glanzman, R.
Spiegel, J. Barth, G. Elfring, A. Reha, and S. Peltz; PTC124-GD-007-DMD Study Group, “The 6-minute walk
test and other endpoints in Duchenne muscular dystrophy: longitudinal natural history observations over 48
weeks from a multicenter study,” Muscle Nerve 48(3), 343-356 (2013).

C. M. McDonald, E. K. Henricson, R. T. Abresch, J. Florence, M. Eagle, E. Gappmaier, A. M. Glanzman, R.
Spiegel, J. Barth, G. Elfring, A. Reha, and S. W. Peltz; PTC124-GD-007-DMD Study Group, “The 6-minute
walk test and other clinical endpoints in duchenne muscular dystrophy: reliability, concurrent validity, and
minimal clinically important differences from a multicenter study,” Muscle Nerve 48(3), 357-368 (2013).

M. Jansen, M. De Jong, H. M. Coes, F. Eggermont, N. Van Alfen, and 1. J. M. De Groot, “The assisted 6-minute
cycling test to assess endurance in children with a neuromuscular disorder,” Muscle Nerve 46(4), 520-530
(2012).

C. M. McDonald, E. K. Henricson, J. J. Han, R. T. Abresch, A. Nicorici, G. L. Elfring, L. Atkinson, A. Reha, S.
Hirawat, and L. L. Miller, “The 6-minute walk test as a new outcome measure in Duchenne muscular
dystrophy,” Muscle Nerve 41(4), 500-510 (2010).

C. M. McDonald, E. K. Henricson, J. J. Han, R. T. Abresch, A. Nicorici, L. Atkinson, G. L. Elfring, A. Reha,
and L. L. Miller, “The 6-minute walk test in Duchenne/Becker muscular dystrophy: longitudinal observations,”
Muscle Nerve 42(6), 966-974 (2010).

T. Osawa, K. Shiose, and H. Takahashi, “Tissue blood volume parameters measured by continuous-wave and
spatially resolved NIRS show different changes during prolonged cycling exercise,” Adv. Exp. Med. Biol. 977,
249-254 (2017).

M. Sander, B. Chavoshan, S. A. Harris, S. T. lannaccone, J. T. Stull, G. D. Thomas, and R. G. Victor,
“Functional muscle ischemia in neuronal nitric oxide synthase-deficient skeletal muscle of children with
Duchenne muscular dystrophy,” Proc. Natl. Acad. Sci. U.S.A. 97(25), 13818-13823 (2000).

R. Boushel and C. A. Piantadosi, “Near-infrared spectroscopy for monitoring muscle oxygenation,” Acta
Physiol. Scand. 168(4), 615-622 (2000).

B. Shadgan, W. D. Reid, R. Gharakhanlou, L. Stothers, and A. J. Macnab, “Wireless near-infrared spectroscopy
of skeletal muscle oxygenation and hemodynamics during exercise and ischemia,” J. Spectrosc. 23(5-6), 233—
241 (2009).

T. W. Scheeren, P. Schober, and L. A. Schwarte, “Monitoring tissue oxygenation by near infrared spectroscopy
(NIRS): background and current applications,” J. Clin. Monit. Comput. 26(4), 279-287 (2012).

M.-A. Weber, M. Krix, and S. Delorme, “Quantitative evaluation of muscle perfusion with CEUS and with
MR,” Eur. Radiol. 17(10), 2663-2674 (2007).

D. W. Slaaf and M. G. Oude Egbrink, “Capillaries and flow redistribution play an important role in muscle blood
flow reserve capacity,” J. Mal. Vasc. 27(2), 63—-67 (2002).

B. Jacobi, G. Bongartz, S. Partovi, A. C. Schulte, M. Aschwanden, A. B. Lumsden, M. G. Davies, M. Loebe, G.
P. Noon, S. Karimi, J. K. Lyo, D. Staub, R. W. Huegli, and D. Bilecen, “Skeletal muscle BOLD MRI: from
underlying physiological concepts to its usefulness in clinical conditions,” J. Magn. Reson. Imaging 35(6),
1253-1265 (2012).

T. Hamaoka, K. K. McCully, V. Quaresima, K. Yamamoto, and B. Chance, “Near-infrared
spectroscopy/imaging for monitoring muscle oxygenation and oxidative metabolism in healthy and diseased
humans,” J. Biomed. Opt. 12(6), 062105 (2007), doi:10.1117/1.2805437.

R. A. De Blasi, M. Ferrari, A. Natali, G. Conti, A. Mega, and A. Gasparetto, “Noninvasive measurement of
forearm blood flow and oxygen consumption by near-infrared spectroscopy,” J. Appl. Physiol. 76(3), 1388-1393
(1994).

R. Bezemer, A. Lima, D. Myers, E. Klijn, M. Heger, P. T. Goedhart, J. Bakker, and C. Ince, “Assessment of
tissue oxygen saturation during a vascular occlusion test using near-infrared spectroscopy: the role of probe
spacing and measurement site studied in healthy volunteers,” Crit. Care 13(5 Suppl 5), S4 (2009),
doi:10.1186/cc8002.

M. C. Van Beekvelt, W. N. Colier, R. A. Wevers, and B. G. Van Engelen, “Performance of near-infrared
spectroscopy in measuring local O2 consumption and blood flow in skeletal muscle,” J. Appl. Physiol. 90(2),
511-519 (2001).



Research Article Vol. 9, No. 10 | 1 Oct 2018 | BIOMEDICAL OPTICS EXPRESS 4770 I

Biomedical Optics EXPRESS -~

46. R. A. De Blasi, S. Palmisani, D. Alampi, M. Mercieri, R. Romano, S. Collini, and G. Pinto, “Microvascular
dysfunction and skeletal muscle oxygenation assessed by phase-modulation near-infrared spectroscopy in
patients with septic shock,” Intensive Care Med. 31(12), 1661-1668 (2005).

47. H. Gémez, A. Torres, P. Polanco, H. K. Kim, S. Zenker, J. C. Puyana, and M. R. Pinsky, “Use of non-invasive
NIRS during a vascular occlusion test to assess dynamic tissue O2 saturation response,” Intensive Care Med.
34(9), 16001607 (2008).

48. C.Mayeur, S. Campard, C. Richard, and J. L. Teboul, “Comparison of four different vascular occlusion tests for
assessing reactive hyperemia using near-infrared spectroscopy,” Crit. Care Med. 39(4), 695-701 (2011).

49. B. Celie, J. Boone, R. Van Coster, and J. Bourgois, “Reliability of near infrared spectroscopy (NIRS) for
measuring forearm oxygenation during incremental handgrip exercise,” Eur. J. Appl. Physiol. 112(6), 2369—
2374 (2012).

50. S. Hyttel-Sorensen, T. W. Hessel, and G. Greisen, “Peripheral tissue oximetry: comparing three commercial
near-infrared spectroscopy oximeters on the forearm,” J. Clin. Monit. Comput. 28(2), 149-155 (2014).

51. G. D. Thomas, “Functional muscle ischemia in Duchenne and Becker muscular dystrophy,” Front. Physiol.
4(381), 381 (2013).

52. W.-C. Weng, P.-H. Tsui, C.-W. Lin, C.-H. Lu, C.-Y. Lin, J. Y. Shieh, F. L. Lu, T. W. Ee, K. W. Wu, and W. T.
Lee, “Evaluation of muscular changes by ultrasound Nakagami imaging in Duchenne muscular dystrophy,” Sci.
Rep. 7(1), 4429 (2017), doi:10.1038/541598-017-04131-8.

53. C. Latroche, B. Matot, A. Martins-Bach, D. Briand, B. Chazaud, C. Wary, P. G. Carlier, F. Chrétien, and G.
Jouvion, “Structural and functional alterations of skeletal muscle microvasculature in dystrophin-deficient mdx
mice,” Am. J. Pathol. 185(9), 2482-2494 (2015).

54. R. G. Victor, H. L. Sweeney, R. Finkel, C. M. McDonald, B. Byrne, M. Eagle, N. Goemans, K. Vandenborne, A.
L. Dubrovsky, H. Topaloglu, M. C. Miceli, P. Furlong, J. Landry, R. Elashoff, and D. Cox, “A phase 3
randomized placebo-controlled trial of tadalafil for Duchenne muscular dystrophy,” Neurology 89(17), 1811—
1820 (2017).

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked debilitating muscular disease
characterized by progressive muscle weakness and atrophy, the incidence ranged from 1 in
3800 to 1 in 6000 on newborn boys [1, 2]. DMD is caused by mutations in the gene encoding
dystrophin, a cytoskeletal protein that provides a physical link between intracellular actin and
extracellular matrix [3]. In DMD patients, dystrophin expression is abolished, resulting in
reduced sarcolemma stability and rendering the muscle fibers susceptible to contraction-
induced injury [4]. As a result, repeated contraction leads to necrosis and regeneration of
muscle fibers accompanied by progressive replacement of muscles by fat and fibrotic tissues.
The other important pathogenic mechanism of DMD is that dystrophin deficiency also
disrupts the signaling of several dystrophin-associated proteins. Among these proteins,
neuronal nitric oxide synthase (nNOS), which is recruited to the sarcolemma by dystrophin
and produces the freely diffusible nitric oxide (NO) to the adjacent vasculature to facilitate
vasorelaxation and consequently blunt a-adrenergic vasoconstriction during muscle
contraction, is particularly important and noticeable [5, 6]. Previous studies in mouse models
and patients of DMD have shown that the lack of dystrophin disrupts the recruitment of
nNOS to the sarcolemma which decreases NO production and may lead to functional
muscular ischemia during exercise [7, 8]. However, the correlation between functional
muscular ischemia and clinical phenotype of DMD is still unknown.

In recent decades, standardized multidisciplinary care for DMD has been proposed,
including the use of corticosteroids, to prolong ambulation, lessen the risk of scoliosis and to
delay pulmonary and cardiac decline [9, 10]. Moreover, several potential therapeutic
approaches targeting different pathogenic mechanisms of DMD are currently under
investigation, including exon-skipping strategies [11], stop codon readthrough [12], gene
repair therapy [13], myostatin inhibition [14], antifibrotic agents [15], as well as vascular-
targeted therapies [16]. Coinciding with these advances is the necessity to develop
appropriate and non-invasive measures for monitoring disease progression and evaluating the
efficacy of potential therapies in clinical trials. Currently, the primary outcome measures in
clinical trials have been the functional rating scales including the 6-minute walk test (6-
MWT) and the North Star Ambulatory Assessment (NSAA) [17, 18]. Although these



Research Article Vol. 9, No. 10 | 1 Oct 2018 | BIOMEDICAL OPTICS EXPRESS 4771 I

Biomedical Optics EXPRESS .

measures are beneficial, they are limited by the subjective consciousness and mood of
patients, and can only be used in older and ambulatory boys.

Comparatively, functional near-infrared spectroscopy (fNIRS) reconstructs tissue
physiologic parameters based on non-invasive measurement of tissue optical properties such
as the absorptions of oxy- and deoxy-hemoglobin. Therefore, fNIRS has been shown to be an
effective tool for measuring local changes in tissue oxygenation and perfusion [19].
Additionally, the fNIRS technique has several important strengths such as cost-effective, real-
time measurement, long-time monitoring, a highly flexible form of analysis and completely
patient-oriented measurement with a time resolution of 1~100 Hz. The fNIRS method of
using wavelength range in the optical window (~600-1000 nm) is known can penetrate
several centimeters into human tissue. Therefore, the fNIRS method can provide valuable
functional insights for various deep tissue measurement applications in health and disease
[20-26]. Currently, three major techniques are used in muscle oximetry employing fNIRS
[20]. The simplest and most commonly used is continuous wave (CW) technique, based on a
constant intensity of light source modulation, which can only provide the relative values of
attenuation of light through the tissues. In the frequency domain (FD) technique, the
attenuation and the phase delay of light through the tissues can be obtained with an intensity-
modulated light source. These two signals of FD technique are related to light absorption and
scattering coefficients. In the time domain (TD) techniques, the temporal point spread
function (TPSF) of light after propagation through the tissues can be obtained with a
picosecond pulse light source for determining the absorption and scattering coefficients of
tissue. Therefore, FD and TD techniques can provide the absolute value of the concentration
of oxy- and deoxy-hemoglobin. Contrarily, the CW system is solely used to detect changes in
absorption coefficient that cannot be used to determine the absolute value of the concentration
of oxygenated and deoxygenated hemoglobin. However, the CW system can be miniaturized
as the wireless system for long time monitoring and even measurement of freely moving
subjects [26]. Additionally, in the clinical studies, the analysis of statistically significant
difference before and after some specific test is more important than quantification of
absolute value.

Therefore, in the present study, we proposed using the CW-based fNIRS system to
evaluate the dynamic changes in muscle oxygenation during a 6-MWT in ambulatory DMD
patients. Besides, the venous occlusion test (VOT), which has been introduced for the
measurement of tissue hemodynamic responses, in both ambulatory and non-ambulatory
DMD patients to investigate whether fNIRS and VOT reflect the severity of the dystrophic
process in patients with DMD. Compare with current clinical assessment methods such as 6-
MWT and NSAA, the fNIRS measurement with VOT can provide objective and direct
physiological information to avoid the limitations of patient's subjective consciousness and
mood influence.

2. Materials and methods
2.1 Participants

This study was approved by the Institutional Review Board (IRB) of National Taiwan
University Hospital. All participants signed informed consent forms. All experimental
methods were conducted in accordance with the latest version of the Declaration of Helsinki.
A total of 30 DMD patients were recruited in the joint clinics of neuromuscular disorders in
Department of Pediatrics, National Taiwan University Hospital. All patients had clinical
presentations consistent with DMD and were diagnosed according to a muscle biopsy with
absent dystrophin and/or genetic confirmation of DMD. Demographic data on the patients
were collected from the Department of Pediatrics, National Taiwan University Hospital. The
DMD patients were classified into two categories, ambulatory (n = 18, mean age 8.28 = 1.81
years old) and non-ambulatory groups (n = 12, mean age 13.5 £ 2.07 years old), according to
their clinical motor function. Furthermore, 30 age- and sex-matched children (mean age 12.77
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+ 0.68 years old) without a history of weakness or neuromuscular disorders were also
recruited as controls.

2.2 Functional near-infrared diffuse optical technique

A continuous wave near-infrared tissue oxygen monitor system (PocketNIRS Duo,
DynaSense Inc., Japan) was used to record skeletal muscle oxidative metabolism of all
participants. The system includes two optical probes that consist of three light emitting diodes
(LEDs) at three wavelengths (735 nm, 8§10 nm, and 850 nm) and one photodiode (PD) with 3
cm source-detector separation. The time-resolution of detection is up to approximately 60 Hz.
According to the modified Beer-Lambert Law (MBLL) [27], the optical density (OD) can be
defined as follows:

I(A,1)

OD(//i”t):_logIO I (/1 l)
oA,

= A4, 1)+ S(A,1) (1)

where (4, f) and Iy(4, f) are the intensities of incident light and detected light, respectively.
The OD(/, f) is the optical density for wavelength A at the time ¢ that means the attenuation of
near-infrared light intensity in tissue. The attenuation in tissue is caused primarily by both
absorption effect A(4, ¢) and scattering effect S(4, 7) of near-infrared light at a wavelength 4 at
the time ¢. The main absorbers of near-infrared light in tissue are the concentrations of oxy-
hemoglobin [HbO,] and deoxy-hemoglobin [Hb]. Therefore, the absorption effect A(4, f) can
be defined as follows:

A(A,1) = (&0, (DIHDO, |(1) + £, (DI HD](2)) - L(A,1) 2

where €,,, (1) and &,,(1) are the extinction coefficients of HbO, and Hb at the wavelength

A, and L(4, f) is the optical path-length of the wavelength A at the time ¢. In this system, the
L(A, ¢) values include differential path-length factor (DPF) that can be defined as
L(A,t)= DPF(A,t)-d , where d is the source-detector separation.

Assuming that S(4, #) remains constant during a measurement, the change in optical
density can be obtained as follows:

1,(A,1)
1 (Aty) 3)
= (‘9141}70Z (DALHDO, ]+ £, (A)ALHD]) - L(A4,1)

Therefore, the concentration changes in oxygenated hemoglobin (A[HbO,]) and
deoxygenated hemoglobin (A[Hb]) could be obtained by solving for the MBLL. Then the
total hemoglobin (A[tHb]) can be calculated by the components of A[HbO,] and A[Hb] (the
sum of A[HbO,] and A[Hb]). In this system, the optical path-length (L(4, #)) was assumed the
same value on each wavelength. Besides, the PocketNIRS Duo is a lightweight and portable
system with wireless data transmission (Bluetooth). These features are useful for skeletal
muscle oxidative metabolism studies of DMD patients such as dynamic changes of muscle
oxygenation during the 6-MWT and the VOT.

AOD(A,t) = OD(A,t)— OD(A,1,) = —log

2.3 Data acquisition

The 6-MWT was performed in ambulatory DMD boys and healthy controls according to the
American Thoracic Society (ATS) guidelines accompanying with the measurement of muscle
oxygenation of gastrocnemius muscle [28]. Currently, the walking distance of 6-MWT has
recommended as a primary outcome measure in ambulatory DMD patients [29-33]. As
mentioned before, the distance of 6-MWT is limited by patients’ subjective consciousness
and mood, and can only be used in older and ambulatory boys. In this study, the direct



Vol. 9, No. 10 | 1 Oct 2018 | BIOMEDICAL OPTICS EXPRESS 4773 I
Biomedical Optics EXPRESS -~

physiological effects of gastrocnemius muscle hemodynamic responses with 6-MWT were
recorded in ambulatory participants and controls. Besides, compare with the limitations of 6-
MWT, the fNIRS measurement with VOT could be used as an objective potential evaluation
method of clinical application for measurement of forearm muscle hemodynamic responses in
all participants.

2.3.1 Gastrocnemius muscle hemodynamic responses with 6-MWT

In this protocol, one of the optical probes was placed and fixed on the gastrocnemius muscle
by using special ultra-thin double-sided adhesive sheets provided by DynaSense Inc., Japan
for dynamic muscle oxygenation detection (as shown in Fig. 1). At each measurement, the
probe was cleaned and disinfected with alcohol and a new special ultra-thin double-sided
adhesive sheet was replaced.

ol GNP
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Fig. 1. Schematic diagram of the experimental procedure of 6-minute walk test (6-MWT): a
totally 9 minutes fNIRS measure was performed in three stages: (1) resting-state for 1 minute,
(2) 6-MWT, and (3) recovery-state for 2 minutes.

The controller was fixed on the waist and connected the optical probe via 1 m length cable
with no loss in signal quality. Before the measurement, the participants were asked to sit on a
comfortable chair in a quiet environment with a room temperature of 27°C for 15-20 minutes
to ensure have enough rest. After that, a totally 9 minutes fNIRS measurement was performed
according to the following three stages: (1) Resting-state (standing still); (2) 6-MWT; and (3)
recovery-state (standing still) for evaluating the hemodynamic responses of the gastrocnemius
muscle. At first, the participants include ambulatory group and controls were asked to stand
still for 1 minute as a period of resting-state. In the stage of 6-MWT, the participants walked
back and forth in the area of 20 m that was marked with a tape. Therefore, the walking
distances of 6-MWT and tissue hemodynamic responses were recorded to analyse. After 6-
MWT, the participants were again asked to stand still at the stop point for 2 minutes as a
period of recovery.

2.3.2 Effects of muscle hemodynamic responses with VOT

In this study, the VOT was adopted to evaluate the consumption of muscle oxygenation for all
participants as an objective and potential outcome measure. The participants rested in a
semirecumbent position, 15-20 min before the measurement. The controllable pneumatic cuff
was wrapped around the upper arm with the lower arm at heart level. The optical probe was
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placed on the forearm (the area of wrist flexors) and brought in close contact with the skin to
prevent noise from the environmental and surface backscattering (as shown in Fig. 2). A
totally 4 min fNIRS measurement was performed according to the following three stages: (1)
Resting-state; (2) VOT; and (3) recovery for evaluating the change of muscle oxygenation.
The baseline measurement was collected at the resting-state period for 1 min. The VOT was
carried out with a controllable pneumatic cuff inflated at about 50-60 mmHg on the upper
arm, which was maintained for 1 minute before being released. After VOT, the recovery of
muscle oxygenation was monitored for 2 minutes. This protocol can be applied to all patients
include ambulatory and non-ambulatory DMD patients.
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Fig. 2. Schematic diagram of the experimental procedure of venous occlusion test (VOT):a
totally 4 minutes fNIRS measure was performed in three stages: (1) resting-state for 1 minute,
(2) VOT for 1 minute, and (3) recovery-state for 2 minutes.

2.3.3 Data analysis

The A[HbO,], A[Hb], and A[tHb] were obtained from fNIRS measurement for analysis of 6-
MWT and VOT. Then the average data was obtained for group-level analysis to reduce the
effects of individual differences. The results were expressed as the mean + SE (Standard
error). In this study, the slope value (Sv) of A[HbO,] during VOT was calculated (Be defined
as Eq. (4)) for significant differences analysis among the ambulatory, non-ambulatory, and
healthy groups.

Sy = A[HbO, ](120s)— AlHbPO, ](61s) @
At = 60s

The significant difference analysis between healthy (n = 30) and DMD groups (All DMD
patients n = 30) was made with a two-sample #-test. As mentioned, the DMD patients were
also classified into ambulatory and non-ambulatory groups in this study. Therefore, the non-
parametric test was used for analysis of small sample size (sample size n < 30). Pairwise
comparisons of significant differences (Healthy group v.s. ambulatory group; ambulatory
group v.s. non-ambulatory group; healthy group v.s. non-ambulatory group) were made with a
Wilcoxon rank sum test. The analyses were performed with MATLAB software (Version
R2017b 9.3.0.713579, MathWorks Inc., Natick, MA, U. S.). A more stringent p value of <

0.01 was considered as statistically significant in two-sample #-test and Wilcoxon rank sum
test.
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3. Experimental results

3.1 Relative muscular ischemia during and after 6-MWT in ambulatory DMD boys

Figure 3(a) and (b) show the dynamic change of muscle hemoglobin (relative concentration
of A[HbO,] and A[HDb]) of gastrocnemius muscle during 6-MWT. The A[HDb] increased
during the stage of standing still in both healthy and ambulatory DMD groups. In the healthy
group, the initiation of walking induced decrease in muscle hemoglobin (include both
A[HDbO,] and A[Hb]) followed by gradually increased muscle oxygenation (A[HbO,]) during
a continuation of 6-MWT and obviously increased muscle oxygenation during the stage of
recovery (standing still). Contrarily, the exercise-induced initially decreased muscle
oxygenation did not increase during the continuation of 6-MWT in the ambulatory DMD
group. Additionally, it is noteworthy that although the A{[HbO,] and A[Hb] increased during
the stage of recovery in both healthy and ambulatory DMD groups, the A[HbO,] was lower
than A[Hb] in ambulatory DMD group during the stage of recovery, suggesting continuously
impaired muscle oxygenation after exercise. In this study, the change of the total hemoglobin
(A[tHb]) was calculated from the sum of A[HbO,] and A[Hb]. The A[tHb] signal, indicates
the local volume of blood in the tissue. Figure 3(c) shows that the A[tHb] was lower in the
ambulatory DMD group during all three stages, suggesting less muscular blood supply in
DMD patients.
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Fig. 3. Effect of 6-MWT on the dynamic change in muscle oxygenated hemoglobin (A[HbO,])
and deoxygenated hemoglobin (A[Hb]). (a) healthy group (n = 30); (b) ambulatory DMD
group (n = 18); (c) effect of 6-MWT on the dynamic change in muscle total oxygenated
hemoglobin (A[tHb]).
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3.2 Impaired muscle microvascular perfusion, reactivity and oxygen consumption
during VOT in DMD patients

Because the measurement of 6-MWT has some limitations we mentioned before, thus we
applied VOT, which indicates the tissue oxygen consumption, microvascular perfusion, and
reactivity, in all subjects including ambulatory and non-ambulatory DMD patients. Figure 4
shows that the dynamic change in muscle oxygenated hemoglobin of forearm was evaluated
by using the method of VOT. The results indicate that the variation of muscle oxygenated
hemoglobin includes A[HbO,] and A[Hb] during VOT were significantly different among all
three groups.
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Fig. 4. Effects of VOT on the dynamic change in muscle oxygenated hemoglobin (A[HbO,])
and deoxygenated hemoglobin (A[Hb]). (a) healthy group (n = 30); (b) DMD group include
ambulatory and non-ambulatory patients (n = 30); (c) ambulatory DMD group (n = 18); (d)
non-ambulatory DMD group (n = 12).

In the healthy group, the VOT induced apparent increase and adequate in muscle
oxygenation (Fig. 4(a)). Contrarily, the muscle oxygenation increased less evident in
ambulatory participants, while the muscle oxygenation slightly increased in non-ambulatory
participants (Fig. 4(c) and Fig. 4(d)). Besides, the increase in A[HbO,] was much lower than
the increase in A[Hb] in DMD patients (Fig. 4(b), Fig. 4(c) and Fig. 4(d)), while both
A[HbO,] and A[Hb] increase consistently in healthy controls (Fig. 4(a)). Additionally, it is
noteworthy that the A[HbO,] was higher than A[Hb] during the resting and recovery phase in
the healthy group. However, in the DMD groups include ambulatory and non-ambulatory, the
A[HbO,] was lower than A[Hb] during the resting and recovery phase, implying relatively
muscle ischemia in DMD patients. Overall, the results suggest the impaired muscle
microvascular perfusion and reactivity in DMD patients that may provide useful information
on the relationship between oxygen consumption and supply for clinical diagnosis.

As mentioned, A[tHb] indicates the local volume of blood in the tissue. Figure 5 shows
the dynamic change in muscle A[tHb] that increased during the VOT process. Obviously, the
average response of A[tHb] for DMD patients was lower and more slurred than that of the
healthy group (Fig. 5(a)), indicating decreased muscle perfusion in DMD patients. There was
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also significantly different of A[tHb] between ambulatory and non-ambulatory DMD patients
(Fig. 5(b)), implying the muscle perfusion deteriorate with progression of disease severity. In
conclusion, our results propose that the muscle perfusion is reduced and the microvascular
reperfusion and reactivity of muscle are impaired in DMD patients.
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Fig. 5. Effects of VOT on the dynamic change in muscle total hemoglobin (A[tHb]). (a)
comparison of healthy group and DMD patients include ambulatory and non- ambulatory
groups; (b) comparison of the healthy, ambulatory and non-ambulatory groups.

3.3 Impaired muscle microvascular oxygen consumption and supply in proportion to
the functional severity in patients with DMD

According to the result of VOT, the consumption and supply of the muscle oxygenation could
be regarded as an important indicator for disease-monitoring of DMD. As shown in the Fig. 4,
the VOT induced a more rapid increase in muscle oxygenation in the healthy group.
However, the muscle oxygenation increased more slowly during VOT in ambulatory and non-
ambulatory DMD groups. To further clarify the relationship between muscle hemodynamic
responses and disease severity, the slope of increased A[HbO,] during VOT was calculated
based on Eq. (4) for quantitative analysis. Figure 6 shows the statically significant difference
of the slope value between healthy and DMD groups (two sample #-test, ** p <0.01).
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Fig. 6. The slope of increased A[HbO,] during VOT. The slope of A[HbO,] during VOT is
significantly different between healthy and DMD groups. (Two sample t-test, ** p <0.01).

For further analysis, the slope value of A[HbO,] during VOT in healthy, ambulatory and
non-ambulatory groups were demonstrated in Fig. 7. The result shows the significant
difference among the three groups. Additionally, the 6-minute walking distance in the healthy
group was longer than the ambulatory group of DMD and demonstrated a significant
difference between these two groups. The results further support that impaired microvascular
consumption and supply correlated with clinical severity in DMD patients.
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Fig. 7. The slope of increased A[HbO,] during VOT and average walking distance of 6-MWT.
The slope of A[HbO,] during VOT is significantly different among healthy, ambulatory DMD
and non-ambulatory DMD groups. The average walking distance is also significantly different
between healthy and ambulatory DMD groups. (Wilcoxon rank sum test, ** p <0.01).

4. Discussion

Accumulating evidence has indicated the important role of vascular mechanism in the
pathogenesis of DMD. Recent advances in several potential therapeutic strategies for DMD
also led to a greater need for objective and non-invasive measures for evaluating disease
severity, which correlates with pathological changes. In the present study using fNIRS, we
clearly demonstrated the impairment of muscle oxygenation and perfusion during 6-MWT in
ambulatory DMD patients. The value of A[HbO,] and A[Hb] drop at the initiation of walking
was thought to be the influences from the stress effect on muscle contraction and sympathetic
nerve activity-induced vasoconstriction [34]. We also observed the blood supply of muscle
was defective at the stage of recovery of 6-MWT in DMD patients. Furthermore, we showed
that the muscle oxygenation and reperfusion decreased with functional severity during VOT
in patients with DMD. Taken together, these findings suggest the potential vascular-targeted
therapy focusing on vasorelaxation or angiogenesis. Our findings also suggest that fNIRS
possesses great potential for evaluating and monitoring disease severity in patients with DMD
and the technique may be suitable for inclusion in therapeutic trials.

Compared with normal muscles, which exhibit normal protective mechanisms of o-
adrenergic vasoconstriction during muscle contraction, dystrophin-deficient muscles were
shown to have defective nNOS-derived NO production, resulting in impaired perfusion and
oxygenation of muscles during exercise in mouse models [7]. One previous study also
showed impaired functional sympatholysis, which refers to exercise-induced protective
attenuation of sympathetic vasoconstriction, in DMD patients [35]. In the present study, we
found impaired muscle oxygenation during 6-MWT, which is a primary ambulatory outcome
measure in clinical trials, suggesting that functional muscle ischemia may contribute to 6-
MWT results in addition to muscle weakness and atrophy in DMD patients. Furthermore,
using continuous detection of muscle oxygenation by fNIRS, for the first time, we observed
continuously impaired muscle oxygenation after 6-MWT during the recovery phase, implying
that the impaired oxygenation of muscles during exercise may have a spillover effect on
muscles in DMD patients. In this study, we also observed mildly decreased total hemoglobin
concentration, which indicates the local volume of blood in the tissue, at the initial standing
state in DMD patients, inferring that the microcirculation of muscle was impaired during both
isometric contraction and isotonic contraction. Our finding also suggests fNIRS as a sensitive
and objective technique for determining muscle microcirculation of DMD patients.
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The fNIRS based on an optical detection for non-invasive and powerful assessment to
detect dynamic tissue oxygenation has already been used in various applications including
monitoring muscle oxygenation [26, 36-38]. The skeletal muscle is strongly dependent on
oxidative metabolism and detection of muscle perfusion and oxygenation is an important
parameter in various muscular diseases [39]. However, the skeletal muscle perfusion is
relatively low at rest and mainly dependent on capillary blood flow, so that flow
measurements in larger vessels are not appropriate to assess the muscle perfusion and
oxygenation [40]. Contrast-enhanced ultrasound and perfusion magnetic resonance imaging
(MRI) of the muscles have also been used to evaluate muscle microcirculation while
ultrasound offers some benefits over MRI because it is inexpensive and time-saving [39, 41].
Compare with these modalities which could only be used at rest, fNIRS provides the
superiority for functional exercise studies and can evaluate not only muscle perfusion but also
muscle oxygenation [26, 42]. More importantly, the optical method can provide completely
patient-oriented measurement. Our results further support that fNIRS is more sensitive in
detecting the subtle and functional change in muscle microcirculation and oxygenation.

When the muscle is exposed to the vascular occlusions such as the venous or arterial
occlusions, the local hypoxia of the muscle is induced that is related to consumption of
muscle oxygenation [42-50]. However, the pneumatic cuff is inflated above 220 mmHg in
the arterial occlusion test (AOT) that may run the risk of tissue damage in DMD patients,
especially in children. In the study, we applied VOT forearm to evaluate the muscle
hemodynamic responses in both ambulatory and non-ambulatory DMD patients. Our results
in VOT showed that muscle oxygenation increased adequately with venous occlusion—
induced elevation of deoxygenated blood, whereas muscle oxygenation increased less evident
during VOT in DMD patients. This result implies that the muscle reperfusion and reactivity
are impaired in all DMD patients and further supports that the protective mechanism of
nNOS-derived NO production was defective in DMD patients from our 6-MWT finding and
previous studies [51]. Considering that the primary ambulatory outcome measure in DMD
patients, 6-MWT, is limited by the patient’s subjective consciousness and mood, and can only
be applied in older and ambulatory patients, the VOT may provide an objective and reliable
measure of impaired functional sympatholysis in muscle [17, 43]. Furthermore, fNIRS study
in VOT can be applied easily in younger or non-ambulatory patients with DMD. Further
investigation is needed to verify whether the VOT is adequately sensitive for detecting the
early impaired muscle oxygenation and reperfusion in very young patients.

Interestingly, we observed lower oxygenated blood and higher deoxygenated blood during
resting and recovery phase of VOT in DMD patients. We also found that the total blood
volume of muscle during VOT decreased in DMD patients and may deteriorate with
progression of disease severity. In combination, our results proposed that the dystrophic
muscles are under relatively ischemic condition comparing to normal muscles, which may
result from lower muscle hemodynamic responses due to the dystrophic process of muscle
accompanied by progressive replacement of muscles with fat and fibrotic tissues in DMD
patients [52]. Further studies are warranted to clarify the role of fat effect impaired blood
supply in dystrophic muscle.

In the present study, the slope of elevated muscle oxygenation during VOT showed a
decreased trend with progression in the DMD stage from ambulatory to non-ambulatory
status. Previous studies in the murine model of DMD have demonstrated that the
microvascular system of muscle is almost normal in young mice, whereas marked alteration
of the microvascular system of muscles was observed in older mice, indicating the disease
progression may have a major effect in vascular changes [53]. In brief, accumulating
evidence from our and previous studies indicates the importance of early treatment with
vascular-targeted therapy in DMD patients. Further studies are needed to elucidate if novel
vascular-targeted therapies mainly focusing on vasorelaxation or angiogenesis should be
applied to the younger age of DMD patients for better outcome and effects [16, 54].
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The present study encountered some limitations. It was performed using a cross-sectional
design, and the correlation of muscle oxygenation changes with disease progression and
disease severity was not fully explored. Further longitudinal investigations are warranted to
clarify whether fNIRS provides a reliable measurement and correlation with disease severity
and progression in DMD.

5. Conclusion

To the best of our knowledge, this is the first feasibility study to evaluate muscle
hemodynamic responses during 6-MWT and VOT by using fNIRS in patients with DMD.
The results clearly demonstrated that the muscle hemodynamic responses decreased with
functional severity in patients with DMD, suggesting that vascular-targeted therapies mainly
focusing on vasorelaxation or angiogenesis should be applied to the younger age of DMD
patients for better outcome and effects. Our results shed light on a novel therapeutic strategy
to improve the outcome of DMD. Non-invasive continuous monitoring of dynamic changes in
muscle hemodynamic responses by using fNIRS is feasible in healthy and DMD children.
This optical technique with a good temporal resolution enables the measurement of muscle
hemodynamic responses in muscular small blood vessels where NO acts, which is an
important factor in muscular ischemia of patients with DMD during an exercise. The fNIRS
measurement with VOT was also shown to be a sensitive and objective technique for
assessing DMD severity. From a therapeutic perspective, the application of fNIRS in DMD
may be suitable for inclusion in future clinical and therapeutic trials.
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